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Over the past five years there have been profound advances in nuclear physics based on effective
field theory and the renormalization group. In this brief, we summarize these advances and discuss
how they impact our understanding of nuclear systems and experiments that seek to unravel their
unknowns. We discuss future opportunities and focus on modern topics in low-energy nuclear
physics, with special attention to the strong connections to many-body atomic and condensed matter
physics, as well as to astrophysics. This makes it an exciting era for nuclear physics.
I. INTRODUCTION
Nuclear physics is undergoing a renaissance. This re-
sults from a confluence of novel interests, experimental
opportunities and significant developments in theoretical
nuclear physics.
First, there is a need for precise nuclear input to astro-
physical calculations. Much that happens in the sky has
a nuclear physics underpinning, from how the sun shines
to what happens when stars explode in a supernova. The
formation of the elements, nucleosynthesis, requires the
knowledge of nuclear masses, lifetimes and reactions at
low energies. Astrophysical interests tied with the quest
for an understanding of nuclear systems at the limits of
stability have motivated the construction of radioactive
beam facilities worldwide: ISOLDE at CERN, SPIRAL
at GANIL, NSCL at MSU, ISAC at TRIUMF, RIBF at
RIKEN (under construction), FAIR at GSI (construction
begin 2008), RIA (planned with highest construction pri-
ority) and EURISOL (proposed). With these experimen-
tal facilities, it is now possible to vary the composition
of known nuclei to extreme neutron to proton ratios and
investigate their phenomena. Nuclear physics also uses
many new experimental techniques, such as ion or atom
traps for high-precision studies. In addition, nuclei play
an important role in constraining the standard model of
particle physics, for example the Vud parameter in the
CKM matrix and the Dirac or Majorana nature of neu-
trinos.
From a condensed matter perspective, studies of rare
isotopes may be regarded as “femtoscience” research,
where one starts with known nuclei and studies their
dependence on “doping” by neutrons or protons. As
in condensed matter physics, some key aspects of novel
nuclear systems are superfluidity/superconductivity and
the phenomena of frustrated systems, for nuclei due to
the competition of the long-range electromagnetic and
short-range strong interactions.
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It is readily anticipated that the frontiers investigated
with radioactive beam facilities will lead to industrial and
medical applications, similar to the techniques that stem
from prior university-based accelerator facilities. Today,
one of three hospitalized patients undergoes a nuclear
medicine procedure.
Astrophysics questions and exciting nuclear experi-
ments are spurring a new generation of nuclear theorists
to develop systematic approaches to the nuclear many-
body problem. In particular, a novel understanding of
nuclear interactions based on effective field theory and
the renormalization group plays a crucial role in the the-
oretical advances.
In this brief, we identify three main aspects of current
research in nuclear physics. The first is as an extremely
rich and complex nuclear many-body problem that spans
18 orders of magnitude from nucleons to neutron stars
and is ultimately based on QCD. It is therefore impor-
tant to develop a reliable and coherent description of nu-
clear phenomena over this range. Since the many-body
methods used for nuclei and neutron stars are general,
theoretical progress in nuclear physics can have direct
impact for instance on the theory of quantum dots and
cold atoms. The development of many-body methods
reaches across science: The coupled cluster technique was
first proposed in the context of nuclear physics, further
developed with many extensions in quantum chemistry,
and now has returned to nuclear physics for use in ab-
initio calculations of the properties of medium-mass nu-
clei. Similarly, renormalization group methods that were
proposed for electronic systems, such as the Hubbard
model, have recently been applied to nucleonic matter
and superfluidity in neutron stars.
Second, nuclear physics is an essential part of astro-
physics. There would have been no solar neutrino prob-
lem, if the nuclear physics and hydrodynamics of the sun
had not been sufficiently well understood to make ac-
curate predictions of the expected neutrino flux. Many
other astrophysical processes intimately involve nuclear
physics. The equation of state and the neutrino re-
sponse of nuclear matter are crucial inputs to simula-
tions of supernova explosions and neutron star cooling.
Nuclear masses, lifetimes and reactions drive nucleosyn-
2thesis. Nuclear energy and gravity are the prime movers
in the universe.
The third aspect of nuclear physics is as a necessary
part of experiments needed for particle physics or other
subfields of physics. For example, the parameter Vud in
the CKMmatrix can be determined from nuclear β decay.
Here the nucleus can be considered as part of the target
holder of the quark undergoing β decay, and clearly a
successful experiment requires that the relevant nuclear
physics be well understood.
The second and third aspects can obviously only take
place in the context of the first. The role of the nucleus
in the cosmos cannot be understood without first under-
standing the nucleus in the laboratory.
In this brief, we first discuss how effective field the-
ory and the renormalization group place nuclear interac-
tions in the hierarchy of theories that range from atomic
and condensed matter to high-energy particle physics.
These ideas lead to a change in our understanding of
the nuclear many-body problem and to the development
of novel and refined methods, which put nuclear many-
body theory in the main stream of general many-body
physics. The advances also have important consequences
for experiments. Throughout this presentation, we focus
on modern topics in low-energy nuclear physics, with spe-
cial attention to the various strong connections to atomic,
condensed matter and astrophysics.
II. THE BIG PICTURE
The reductionist goal is to reduce everything to one
all-encompassing theory. At the Planck scale MP ∼
1019GeV, string theory holds that promise. The veri-
fication of string theory is complicated however, since it
demands either extremely high-energy probes or reliable
calculations of very small contributions to low-energy
processes. Between the Plank scale and the electro-weak
breaking scale, Mew ∼ 10
2GeV, little is known. In this
energy range there are a number of possible effective field
theories, such as grand unified theories, supersymmetric
theories or left-right symmetric models.
At the electro-weak breaking scale Mew, the standard
model of strong and electro-weak interactions is well
explored and extraordinarily successful. (The dynamic
mechanism of electro-weak symmetry breaking and the
nature of the Higgs boson are still open problems.) How-
ever, it is certainly not the “theory of everything”, since it
does not describe gravity. Therefore the question arises:
How can a theory be successful, when the underlying the-
ory to which it is an approximation is unknown? This is
where the idea of renormalization comes in. The physics
at distances too short to be probed is not resolved and
can be replaced by simpler interactions whose couplings
encode all short-distance contributions. This leads to an
effective field theory with a finite number of low-energy
constants. The masses of the elementary particles are
such constants. They can either be determined exper-
imentally, or by matching amplitudes calculated in the
effective field theory and the underlying theory. While
details of the underlying theory are not needed to make
predictions at low energies, the higher energy theory may
unify the phenomena of the standard model and reduce
the number of its parameters.
At the next energy scale, we have QCD as the theory
of strong interactions. QCD can be divided into three
regimes. At high energies, MpQCD & few GeV, QCD
becomes asymptotically free and interactions of quarks
and gluons are perturbative. At intermediate energies,
Mhad ∼ 1GeV, the physics is that of strongly-interacting
hadrons, with a diverse spectrum of mesons and baryons
and their resonances. Nuclear physics governs the inter-
actions of the lightest baryons and the lightest mesons at
energies Mnuc ∼ 100MeV. The nuclear physics regime
naturally carries a key imprint of QCD, since the pions,
the lightest mesons, are the Goldstone bosons of chiral
symmetry breaking. Each of the three regimes have their
own relevant degrees of freedom and thus their own effec-
tive theory. Effective field theory allows us to separate
nuclear physics from the more complicated problem of
hadronic physics, while maintaining a clear and direct
connection to QCD. At lower energies, we have atomic
and condensed matter physics, where nuclear and stan-
dard model parameters (nuclear masses, charges, charge
radii) are low-energy constants. The resulting picture of
physics thus consists of layer upon layer of effective field
theories, and all interactions are effective interactions in
this sense.
The problem at every energy scale decouples from the
physics at higher energies. The high-energy information
is encoded in the low-energy coefficients of the effective
field theory. This decoupling is very useful, even when
the effective theory at the higher energies is known, as
with QCD and nuclear physics. This is because the ef-
fective field theory focuses on the physics of the problem
at hand, and provides a method to separate out the rel-
evant information from complicated details that are not
needed. For example, Fermi’s theory of β decay works
well without explicitly including the W and Z bosons.
The idea of effective field theory and decoupling run
counter to the reductionist’s ideal. The physics at every
energy scale can be studied largely independent of what
happens at other energies. It is not necessary to under-
stand interactions at higher energies to make progress at
a given scale. An extreme example is critical phenomena,
where the critical exponents depend only on very gen-
eral properties, the symmetries and the dimensionality,
of the bare Lagrangian. All the remaining information is
integrated out, and the results depend only on the fixed
points of the renormalization group. It is the renormal-
ization group and not the bare couplings that determine
the critical exponents.
As discussed in the next section, a similar discovery
was recently made in nuclear physics: Microscopic ap-
proaches to nuclear systems traditionally start from vari-
ous models for the inter-nucleon interaction, which differ
3substantially at short distances and lead to model de-
pendences for nuclei and neutron stars. Using the renor-
malization group, it was shown that all these microscopic
nuclear forces evolve to a universal nucleon-nucleon inter-
action for nucleons with momenta k . 4Mnuc, when the
model-dependent high-momentum parts are integrated
out. This unifies nuclear structure and nuclear astro-
physics calculations. Nuclear interactions can be thought
of as one in the sequence of effective interactions that
stretch from string theory at highest energies through
the standard model of particle physics to the effective
interactions of atomic and condensed matter physics.
III. NUCLEAR INTERACTIONS BASED ON
EFT AND RG
The goal of nuclear theorists is to provide a coher-
ent and systematic description of all low-energy nuclear
phenomena, those occurring on earth and in stars. The
theoretical framework can be used to predict nuclear pro-
cesses that are currently not accessible experimentally,
and to understand the microphysics of observed phe-
nomena. Therefore, nuclei, neutron stars and supernovae
serve as laboratories to test effective interactions at nu-
clear energies. A rigorous test requires that the trunca-
tions in the nuclear Lagrangian are well understood and
that the microscopic many-body calculations are reliable.
In this section, we review the advances in our under-
standing of nuclear interactions based on Effective Field
Theory (EFT) and the Renormalization Group (RG). We
will discuss recent progress in many-body calculations in
the following section.
The connection of nuclear interactions to QCD is
through EFT. When nuclear systems are probed at low
energies, the relevant degrees of freedom are nucleons and
pions, the lightest confined baryons and mesons respec-
tively. Nuclear EFT includes explicitly nucleon and pion
fields and allows all possible interactions that are con-
sistent with the symmetries of QCD, most importantly
chiral symmetry. In order to be predictive and system-
atic, an organization (“power counting”) must be present
to permit a finite truncation of possible terms in the
Lagrangian. For nuclear interactions, the power count-
ing originally proposed by Weinberg [1] is in powers of
the typical momenta in nuclear systems Q over the EFT
breakdown scale Λχ. An estimate for the low-momentum
scale is Q ∼ mpi, where mpi ≈ 140MeV is the pion mass,
and the EFT breakdown scale is Λχ ∼ 700MeV, where
heavier mesons (like the ρ meson with mρ ≈ 770MeV)
and nucleon resonances are resolved and have to be in-
cluded explicitly. The pions are the Goldstone bosons
of chiral symmetry breaking, and consequently their in-
teractions become weaker at low energies. This is a
key QCD property, which is clearly present in its EFT.
The low-energy EFT does not include explicitly heav-
ier baryons or quarks and gluons. All their effects are
present in the low-energy couplings of the simpler short-
range interactions. For further details we refer the reader
to several excellent reviews on EFT applied to nuclear
forces [2, 3] and also to the general introduction to EFT
by Lepage [4].
Nuclear interactions based on EFT have now been
developed to Next-to-Next-to-Next-to Leading Order,
N3LO or up to (Q/Λχ)
4, in the low-momentum expan-
sion [5, 6]. To this order, one has 24 low-energy constants,
which have been fit to the world set of ∼ 4500 neutron-
proton and proton-proton scattering data. A substantial
number of these data have been measured at TRIUMF.
The reproduction of two-body observables is very good
with χ2/datum ≈ 1. We emphasize that the fit to exper-
iment automatically takes into account all high-energy
effects on low-energy observables. Alternatively, since
nuclear EFT is connected to QCD, the low-energy con-
stants can be determined using lattice QCD or other non-
perturbative methods. The continuous advances in lat-
tice QCD, for example full simulations with light quarks,
make this a long-term vision for nuclear forces. For ex-
citing progress on nuclear physics from QCD see [7].
The physics of nuclear EFT is extremely rich. The pi-
onic interactions lead to significant non-central parts in
nuclear forces. These are analogous to magnetic dipole-
dipole interactions and depend on the orientation of the
nucleon spins relative to their position. In many-body
systems, such interactions can lead to remarkable phe-
nomena, for instance the differences observed in the A
and B phases of liquid 3He recognized with the 2003
Physics Nobel Prize [8]. The spin-independent part of
nuclear interactions is similar to molecular van-der-Waals
potentials, and thus nuclear systems combine the phe-
nomena of spin systems and atomic systems.
There are several key advantages of nuclear EFT. In
nuclear physics, many-body forces are inevitable. (Note
that QCD has a three-quark interaction through the non-
Abelian ggg vertex.) It is established beyond doubt that
for all realistic nucleon-nucleon (NN) interactions, a sig-
nificant three-body force is required to describe light nu-
clei [9, 10, 11, 12]. In nuclear EFT, the power counting
predicts that the first three-nucleon (3N) interaction is
present at N2LO; their effects are thus suppressed by
(Q/Λχ)
3 compared to NN interactions [13, 14]. A simi-
lar hierarchy can be derived for many-body forces using
nuclear EFT. The EFT many-body forces are consistent
with the NN interaction, for example the long-range part
of the 3N and 4N forces are parameter-free; their cou-
plings also enter the NN interaction and are constrained
from piN or pipi scattering respectively. Moreover, the
N3LO 3N force only has two low-energy constants.
In addition to a controlled and viable expansion of
many-body forces, the nuclear EFT approach can address
questions like: How would nuclear shell structure or nu-
cleosynthesis change, if the up and down quark masses
would be different? A first investigation of this sort was
the quark-mass dependence of the binding energy of the
deuteron [15, 16], which is the lightest nucleus and impor-
tant to nuclear burning. Moreover, neutrino-nucleon [17]
4or parity-violating interactions [18] can be consistently
incorporated in applications of nuclear EFT to studies of
fundamental symmetries.
The second advancement to our understanding of nu-
clear interactions comes directly from the RG. The idea
behind renormalization is that the effects of the high-
momentum modes on the low-momentum theory can be
simulated by a set of simpler interactions. In the regime
of the EFT expansion, the simpler interactions are con-
tact interactions and their derivatives. Using the RG, it
is possible to integrate out modes with momenta larger
than a cutoff Λ starting from NN interactions. The
resulting effective interaction, defined for momenta be-
low Λ, encodes all high-energy effects in the low-energy
couplings. While nuclear physics may seem unfamiliar
with the renormalization terminology, the basic ideas
of the RG are present in the seminal work of Bloch
and Horowitz [19] and in subsequent nuclear many-body
methods.
To illustrate the power of the RG in nuclear physics,
we review the application to nuclear interactions [20, 21].
RG invariance requires that the low-momentum theory
reproduces the same low-momentum scattering ampli-
tude T as a given large cutoff nuclear interaction with
high-momentum modes. Therefore, the low-momentum
interaction Vlow k satisfies
T (k′,k, Ek) = V
Λ
low k(k
′,k)
+
∫ Λ d3p
(2pi)3
V Λlow k(k
′,p)G(2)(p, Ek) T (p,k, Ek) , (1)
where k′ and k are the incoming and outgoing momenta,
the scattering energy is Ek, and G
(2)(p, Ek) denotes the
two-particle propagator. The cutoff in Eq. (1) defines the
resolution scale of the effective theory, since details at
distances r . 1/Λ are not resolved. The cutoff indepen-
dence of the scattering amplitude, dT (k′,k, Ek)/dΛ = 0,
leads to a RG equation that determines how Vlow k evolves
as the cutoff is lowered and high-momentum modes are
integrated out.
In the left part of Fig. 1, we show the N3LO EFT, as
well as various models for the NN interaction. These po-
tential models all include the same long-range one-pion
exchange interaction and are fit to scattering data for
momenta k . 2.1 fm−1 (roughly up to the threshold for
pion production), but they differ substantially in their
treatment of the high-momentum physics. When these
model dependences are removed using the RG, one ob-
tains a universal low-momentum interaction Vlow k for all
cutoffs Λ . 2.1 fm−1. This is shown in the right part of
Fig. 1. The RG thus unifies microscopic nuclear forces
and removes these model dependences from many-body
observables.
For EFT interactions, the RG can be used to change
the resolution scale in nuclear forces, analogous to evolv-
ing the renormalization scale in parton distribution func-
tions in QCD. The RG evolution of EFT interactions to
lower cutoffs generates all higher-order short-range inter-
actions necessary to maintain RG invariance, and there-
fore it has been argued that Vlow k effectively parameter-
izes a higher-order nuclear EFT interaction [22]. In sum-
mary, instead of a number of models, we now have inter-
nucleon interactions (from EFT and RG) that depend on
the resolution scale. This is similar to the running cou-
pling in QCD and to improved lattice actions, where the
resolution is Λ = pi/a, a being the lattice spacing.
For cutoffs below the breakdown scale, the scaling of
higher-order two-body or many-body forces is dominated
by the cutoff, because Q/Λ > Q/Λχ. Many-body observ-
ables that do not include many-body forces will be cut-
off dependent and the cutoff variation gives an estimate
for the neglected physics. Varying the cutoff in nuclear
interactions is thus a powerful tool to assess the trunca-
tion errors and the completeness of the calculation. Such
theoretical uncertainties are clearly important for predic-
tions of nuclear systems, for terra incognita at ISAC or in
stars. They also provide valuable guidance, where future
experimental constraints are most needed.
The RG casts very useful insights into why the different
potential models have worked as well as they have and
shows their limitations. One criticism of the traditional
potential models is that their short-range parts should be
constructed from explicit quark degrees of freedom. They
should not be simple interactions, often taken to be local
or approximately local, based on heavy-meson exchanges,
dispersion theory or in some cases phenomenology. The
EFT and RG understanding, however, shows that it is
entirely legitimate to replace physics that is not resolved
by something simpler [4]. The higher energy physics,
including quark effects, is taken into account by fitting
these simpler interactions to experiment. The problem
with the potential models is not that the short-distance
details are incorrect, but more so that they lack a sys-
tematic scheme to construct consistent many-body inter-
actions and effective operators. In addition, the poten-
tial models have strong high-momentum modes and large
cutoffs, and one could be misled into thinking a higher
cutoff implies that the physics is more valid. While the
RG approach shows that the different potential models
lead to the same low-momentum theory, it also demon-
strates that their high-momentum behavior is not con-
strained by data. Theoretical studies that are sensitive
to these short-range parts are at best incomplete.
An important result is that 3N interactions become
weaker for lower cutoffs [22]. This shows that nuclear
interactions with large cutoffs are counterproductive, be-
cause 3N forces in this case must cancel loop contribu-
tions from high-momentum intermediate states that are
incorrectly represented. 3N interactions corresponding to
Vlow k are perturbative in light nuclei [22] and therefore
tractable. As a result, we will be able to perform the
first calculations with 3N forces for intermediate-mass
nuclei [23]. Fundamental progress in nuclear physics re-
quires a better understanding of 3N interactions. These
lead to particular density and isospin dependences, and
experimental information from nuclei therefore provides
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FIG. 1: Left figure: Different nuclear interaction models VNN(k, k) versus incoming/outgoing relative momentum k. Right
figure: The resulting low-momentum interactions Vlow k(k, k), derived by integrating out the high-momentum (p > 2.1 fm
−1)
modes using the RG. The interactions are shown for the 1S0 partial wave, but the same universal behavior is found in all partial
waves and for lower cutoffs [20, 21]. The momentum units are 1 fm−1 ≈ 200MeV.
significant constraints. The ISAC facility can play a
unique role in this endeavor.
A weakening of the 3N force is also observed empiri-
cally in the Unitary Correlation Operator Method [24],
where an explicit unitary basis transformation is devel-
oped that removes the short-range correlations. The re-
sulting effective interaction is similar to Vlow k, and as in
the RG approach, this implies that short-range correla-
tions are not strict observables. In addition, large-basis
diagonalizations within the No-Core Shell Model show a
similar behavior. As the basis includes more high-energy
states of the NN interaction, one finds a deterioration
from the experimental binding energies [25].
Effective interactions have a long history in nuclear
physics. In the Bloch-Feshbach-Horowitz projection op-
erator formalism [19, 26] (the same framework is used
to understand and predict Feshbach resonances in cold
atoms), the effective interaction carries a characteris-
tic energy dependence. For many-body systems, a cor-
rect treatment of this energy dependence is complicated,
with promising progress for light nuclei [27]. The RG
approach of Refs. [20, 21] and equivalent unitary trans-
formations [28] lead to energy-independent interactions.
Thus the concept of effective interactions is more general
than sometimes realized [29].
In addition to the interplay between NN and 3N in-
teractions, there are effective operators that are also res-
olution scale dependent and evolve with cutoff. To see
why effective operators are necessary, consider for exam-
ple electromagnetic interactions. Photons can couple to
quarks inside nucleons and to heavier mesons/baryons
that have been integrated out. Electromagnetic opera-
tors must include these effects. Nuclear EFT provides a
systematic scheme to incorporate all contributions with
simpler interactions. We stress that effective operators
and many-body forces cannot be meaningfully discussed
outside the context of a given two-body interaction.
We conclude this section by discussing nuclear interac-
tions at very low energies, where even the pion is not re-
solved. The corresponding EFT is constructed from con-
tact interactions and their derivatives. Pionless EFT has
been extremely successful for strongly-interacting sys-
tems with large scattering lengths [30]. These systems
exhibit universal properties at low densities, indepen-
dent of the atomic or nuclear details, because there are
no lengths scales associated with the interaction in this
regime. For example, for two spin states with equal pop-
ulations, the equation of state of cold gases of 6Li or 40K
atoms in the vicinity of Feshbach resonances is identical
to the equation of state of low-density neutron matter
in the crust of neutron stars. Applications of the pio-
nless EFT developed in nuclear physics range from cold
atoms [31] to nuclear reactions [32] and neutron stars [33].
There are many nuclear reactions with large scattering
lengths and thus progress in their theoretical description
can be directly applied to describe cold atom gases with
similar resonant interactions.
Finally, the EFT and RG again provide useful insights
why simple nuclear potential models developed for nu-
clear reactions work well. For example, the recent cal-
culation of the 7Be(p,γ)8B reaction with simple, pionless
interactions is rather successful [34]. In the new under-
standing, these simpler interactions are nuclear interac-
tions at a lower resolution scale, which can be thought of
as integrating out the pions in nuclear interactions. The
EFT and RG thus provide a way to built on the empir-
ical successes of these calculations, in a way that other
modeling does not.
6IV. THE NUCLEAR MANY-BODY PROBLEM
BASED ON EFT AND RG
The traditional problem in nuclear physics is that nu-
clear interactions are strong and model dependent (see
e.g., the discussion in [35]). Both aspects can be traced
to the same sources. First, different models for the
strongly repulsive core lead to different behavior at high
momenta or high virtual energies. Second, nuclear in-
teractions have tensor forces that scatter strongly to
high momenta. The optimal way to deal with the high-
momentum modes is to convert the problem first to a
low-momentum theory more appropriate to the resolu-
tion at hand. This realization has lead to a revolution
in nuclear physics. A common feature in modern nuclear
many-body developments is that they first integrate out
(and thus suppress) high-momentum virtual contribu-
tions [21, 24, 27, 36, 37]. In the process, low-momentum
effective interactions are generated. This is achieved ei-
ther directly by the RG [20, 21] or through other effective
interaction methods [24, 27, 36, 37] (for comparative de-
tails see [38]). This separation of the long-range physics
from the short-range details builds on the separation of
scales in the hadron spectrum of QCD.
The treatment of high-momentum modes has been a
continual difficulty in nuclear physics. The success of
Dirac phenomenology [39] has been traced to the fact
that it suppresses high loop momenta [40, 41]. In pion-
nucleus scattering there is a similar improvement when
high-momentum loop contributions are suppressed [42].
As discussed in the previous section, nuclear interactions
with lower cutoffs or those that suppress high-momentum
modes have weaker 3N forces. It is intriguing that these
effects correlate with a weaker iterated pion exchange,
and investigations in this direction may lead to valuable
insights.
A significant advantage of low-momentum interactions
is that they can be directly applied to nuclear many-
body systems with model-independent results and with-
out uncontrolled resummations [35]. For systems with
A < 100 particles, the prime approaches are the nuclear
shell model [43] and the coupled cluster method [37].
Presently, exact shell-model diagonalizations are possi-
ble for all semi-magic nuclei, and for A < 70 nuclei in
0~ω space. The coupled cluster method is the method
of choice for systems with up to 100 electrons in quan-
tum chemistry. First applications of low-momentum in-
teractions to the nuclear shell model are very promis-
ing [44]. These studies can provide a basis for future cal-
culations of the exotic structure of nuclei investigated at
ISAC. As discussed, 3N interactions become weaker for
low-momentum cutoffs and are thus tractable in larger
systems. As a result, we will be able to include micro-
scopic 3N interactions beyond the lightest nuclei. The
first coupled cluster calculations with this endeavor are
under way [23].
For bulk properties of nuclear matter, low-momentum
interactions offer the possibility of a perturbative and
therefore systematic approach [35]. In contrast to the
traditional perception, the role of the 3N interaction is
essential for saturation. These results demonstrate that
the power counting must change for nuclear matter [35],
and the cutoff scaling of different contributions can pro-
vide guidance for the development of a systematic EFT.
In addition, the nuclear matter results imply that ex-
change correlations are tractable, and this motives a pro-
gram to derive the nuclear density functional from micro-
scopic interactions. Density Functional Theory (DFT) is
the method of choice to study ground state properties of
A > 100 particle systems [45, 46, 47, 48]. The density
functional is universal and the microscopic foundations of
DFT are well-understood. In a path integral approach,
the density functional is the effective action for the den-
sity. We refer the reader to [49] for a short discussion
of the microscopic foundations and DFT opportunities
in the context of nuclear physics. Here, we only remark
that the nuclear density functional comes with novel and
unique features due to superfluidity and the self-bound
nature of nuclei. These are largely unexplored for elec-
tronic systems.
In addition, there are promising non-perturbative RG
methods for nuclear many-body systems [50], based on
the RG approach to interacting Fermi systems proposed
by Shankar [51]. For condensed matter systems, this ap-
proach has been applied to study the phase diagram of
the two-dimensional Hubbard model [52, 53, 54] and elec-
tronic excitations in atoms [55]. In nuclear physics, the
RG method was first used to investigate superfluidity in
neutron stars [50], since pairing properties are a pivotal
input to simulations of neutron star cooling. A system-
atic extension of the RG method to finite systems will
lead to non-perturbative shell-model interactions and ef-
fective operators for heavy nuclei.
The long-term vision of nuclear many-body theory is
a microscopic and predictive understanding of nucleonic
matter under extreme compositions, temperatures and
densities, with theoretical error estimates. There are
many common themes with atomic and condensed mat-
ter systems: How does the structure of matter change
with its composition? What is the many-body physics of
complex and collective phenomena in nuclear systems?
How are shape transitions in nuclei and neutron stars
related to frustrated systems and the phase diagram of
asymmetric matter? What are the connections to meso-
scopic systems and chaos? In addition, the EFT connec-
tion to QCD makes it possible to address how nuclear
many-body phenomena depend on QCD parameters, for
example the quark masses.
Reliable many-body approaches are especially impor-
tant for the nuclear physics input to stars, supernovae
and the formation of the elements. The nuclear equation
of state is key to supernova and neutron stars, where nu-
cleonic matter range from a complex gas at extremely
low densities to a liquid at nuclear densities. Below satu-
ration density, nucleonic matter comes in various shapes
known as “nuclear pasta”. Experiments with low-energy
7heavy-ion collisions and connections to frustrated sys-
tems can provide insights on the cluster physics of the
complex gas and the nuclear pasta. Recent progress
comes from molecular dynamics simulations of the pasta
phases [56, 57] and a model-independent description of
low-density nuclear matter based on the virial expan-
sion [58]. The resulting virial equation of state constrains
the physics of the neutrinosphere in supernovae, and dif-
fers from all models used in supernova simulations. In
addition, neutrino interactions with nucleonic matter are
key to supernova explosions and the cooling of neutron
stars. The many-body advances make it possible derive
reliable neutrino-matter interactions consistent with the
nuclear equation of state and including the effects due to
nuclear clusters. Moreover, nuclear superfluidity strongly
modifies the cooling of neutron stars, since pairing of neu-
trons or protons suppresses neutrino emission via β decay
and neutrino bremsstrahlung. It is exciting that there is
a similar observation in nuclei: For the halo nucleus 11Li,
the β decay occurs in the 9Li core, since the pairing en-
ergy suppresses the decay of the two halo neutrons [59].
Since the nucleon-nucleon scattering lengths are large,
the nuclear many-body problem has an exciting overlap
with the universal physics of cold atoms with resonant
interactions. The physics of low-density neutron matter
is part of the BEC-BCS crossover physics studied with
trapped Fermi gases [60, 61, 62, 63, 64]. Likewise, many
nuclear reactions have large scattering lengths, and a
model-independent description of nuclear reactions can
therefore be used to study other resonant interactions.
Another exciting overlap exists with asymmetric [65] or
rotating Fermi gases and asymmetric nuclear matter, ro-
tating nuclei or neutron stars.
V. CONCLUSIONS
Nuclear physics covers the low-energy regime of QCD
and explores the interactions of nucleons in nuclei and
astrophysical systems. Nuclear interactions are effective
interactions for the relevant energies, and present one
rung in the ladder of effective theories. Nuclear systems
should therefore not be thought of as a simple exten-
sion of hadronic physics to lower energies, but rather as
a separate many-body problem with distinct degrees of
freedom. The different effective theories should not be
thought of as more or less fundamental. What drives the
physics at one level is frequently not the details of the
next level, but rather the general aspects of symmetries,
renormalization and many-body physics. What is impor-
tant in understanding nuclear physics in the laboratory
and in stars is not the EFT at some higher energy scale,
but rather the effective interaction at the energies of the
phenomena of interest.
Nuclear interactions have been derived in an EFT for
low-energy QCD. They depend on the cutoff or the res-
olution scale of the effective theory and the renormaliza-
tion is identical to the running couplings in quantum field
theories. The RG can be used to change the resolution
scale in nuclear interactions, and we have shown how all
microscopic nuclear forces evolve to a universal NN in-
teraction for nucleons with momenta k . 2.1 fm−1. In
contrast to the different potential models used tradition-
ally in nuclear physics, we now have a low-momentum
interaction that depends on the resolution scale. In ad-
dition, nuclear EFT offers for the first time a consistent
and practical expansion scheme for many-body interac-
tions and the coupling to electromagnetic/weak probes.
As a result, calculations with microscopic 3N forces be-
yond the lightest nuclei are now possible.
New frontiers in nuclear physics will be set by model-
independent predictions of nuclear structure and nucle-
onic matter. The nuclear many-body problem shares
many of the approaches and methods with atomic, con-
densed matter and high-energy many-body problems. All
modern advances in nuclear many-body physics reach
over physics subfield barriers: for example, EFT for few-
nucleon systems and cold atoms, the Coupled Cluster
method and DFT for nuclear and electronic structure,
and the RG for superfluidity in neutron stars and low-
dimensional Fermi systems. While nuclear physics ex-
hibits all features of many-body systems, it is distin-
guished by unique aspects: for example, the connection
to QCD, its importance to astrophysical systems and to
our very own existence, and its key part to the studies of
fundamental symmetries. Nuclear physics therefore has
and will contribute strongly to the general understanding
of many-body systems.
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